Malignant brain tumors represent one of the most devastating forms of cancer with abject survival rates that have not changed in the past 60 years. This is partly because the brain is a critical organ, and poses unique anatomical, physiological, and immunological barriers. The unique interplay of these barriers also provides an opportunity for creative engineering solutions. Cancer immunotherapy, a means of harnessing the host immune system for anti-tumor efficacy, is becoming a standard approach for treating many cancers. However, its use in brain tumors is not widespread. This review discusses the current approaches, and hurdles to these approaches in treating brain tumors, with a focus on immunotherapies. We identify critical barriers to immunoengineering brain tumor therapies and discuss possible solutions to these challenges.
Introduction
Brain and nervous system cancers represent only a small proportion of annual cancer incidence (1.4%) yet these cancers represent almost double that proportion (2.7%) of cancer deaths [1] . Neuroepithelial tumors represents the vast majority of malignant brain tumors, the most common of which, glioblastoma (46%), incurs a mere 5% of patients surviving beyond 5 years [2] . This dismal survival rate results from the utter lack of available therapies that can both navigate anatomical barriers and not adversely impact delicate neuronal tissue.
Current clinical standard of care for brain tumors is maximal safe surgical resection, followed by concomitant fractionated radiotherapy, and chemotherapy (oral Temozolomide, and/or implanted Carmustine wafer) [3] . Surgical resection, however, is not always possible due to the location of the tumor corresponding to sensitive or inoperable regions of the brain [4, 5] . Further, recurrence after surgery is common, as many brain tumors have invasion fronts that penetrate into healthy tissue beyond the primary tumor core, making it often impossible to remove all malignant cells [6] . Systemic chemotherapy is also less efficacious in the treatment of brain tumors, as the ability for these drugs to efficiently reach some brain tumor tissues is hindered by the transport-restrictive properties of the blood-brain barrier (BBB), adaptive resistance to the drug, exacerbation of side effects due to increased effective dose requirements and sensitivity of neural tissue, and an inability to fully obliterate resident tumor renewing populations [7] [8] [9] . Even with all the continued advances in drug discovery and delivery that have improved substantially improved outcomes in systemic cancers, there has been disappointingly little impact on tumors of the brain.
Immunotherapies have the potential to mitigate some of the challenges involved with treating tumors in the brain, but are not yet part of the standard of care. Targeting inside the brain has proven difficult, but through modulations of the immune system, one may be able to take advantage of natural routes of entry, and the capacity of the immune system's memory to prevent further recurrence after a standard treatment regime could lead to improved outcomes in brain cancer.
One striking piece of evidence for the potential of immunotherapy for brain neoplasms is that brain cancers that metastasize and disseminate into the extra-neural immune system (which is exceedingly rare) may lead to slightly more favorable outcomes [10] . Further, Volovitz, et al. showed, in immune-competent rats, that the mere transplantation of an aggressive brain tumor into the periphery was sufficient to confer an anti-tumor effect in the brain [11] . This suggests that there is grand opportunity for immune-driven therapies in brain cancer. Apart from the non-trivial nature of the design of immunotherapies, engineering such a therapy for brain tumors may require more complexity, as the brain poses unique anatomical and physiological constraints on successful implementation. In the following sections we will discuss the unique anatomy and physiology of the brain and malignant brain tumors, and the relevant challenges with respect to designing, engineering, and administering immunotherapies.
Neuroimmune anatomy & physiology
Broadly speaking, brain parenchyma fundamentally consists of neurons and glial cells. The glial cells are further categorized as astrocytes, oligodendrocytes, and microglia; the microglia being the resident innate immune cell of the central nervous system (CNS). Microglia perform a number of critical functions including cytotoxicity, phagocytosis, and T-cell activation through antigen presentation [12] . The parenchyma of the brain is covered by three meningeal layers: the dura mater, arachnoid mater, and pia mater. The dura mater is the outermost layer (attached to the skull) and the pia mater is the innermost layer (Fig. 1a) . Cerebrospinal fluid (CSF), produced by choroid plexus cells in the ventricles, bathes the brain parenchyma and flows in the subarachnoid space (the space between the pia mater and arachnoid mater). Immunity in the CNS is very tightly regulated, and during homeostasis, T-cells and other myeloid cells that reside in the meningeal layers, exert their immunogenic effects from there [13, 14] . One way to understand neuroimmunology is to embrace the concept that the purpose of the immune reaction in CNS pathology is to allow neurons to function undisturbed.
There are three critical barriers that prevent peripheral moieties from entering the brain parenchyma. These are the blood-brain barrier (BBB, a physiologically active barrier between brain parenchymal vasculature and brain parenchyma); the blood-meningeal barrier (BMB, a physiological cellular barrier between the meningeal blood vessels and the meninges), and the choroid plexus barrier (also called the blood-CSF barrier that prevents entry of blood borne moieties into the ventricular CSF) [13, 15, 16] (Fig. 1a) . During homeostasis, the BBB, BMB, and BCSFB may limit the entry of particular pathogens and leukocytes while abluminally promoting immune cell interactions [13, 15, 17] . In terms of relative permissibility, the BBB is the most selective barrier, followed by the BMB and the BCSFB. This is due to the vascular organization of the three barriers. For example, in the BCSFB and the BMB, the endothelial cells are fenestrated, allowing immune cells to easily cross them [13, [15] [16] [17] .
During homeostasis, blood-borne immune cells do not cross the BBB [13, 14, 18] . In pathological states, however, the primary entry site of immune cells is via the meningeal blood vessels, across the BMB, into the pia to infiltrate the brain parenchyma using a variety of mechanisms, not all of which are fully understood [13] . During infection, pathogens may initially gain access to the CSF across vessels within the meninges and ventricular system, due to the fenestrated endothelium [13, 14] . However, the meningeal arachnoid membrane and ventricular choroid plexus epithelial cells have intercellular tight junctions that help restrict the invasion of pathogens into the CNS parenchyma [15] [16] [17] . The circulating CSF in these compartments then aids in detection of pathogens via meningeal CSF sampling [13, 19, 20] . Recently, confirmed presence of meningeal lymphatic vessels and glymphatics (interstitial fluid clearance via aquaporins on glial cells) seem to represent an important exit route for immune cells (and macromolecules) from the CNS and/or CSF [19] [20] [21] . The way into the CNS and/or the CSF is still a matter of debate [13] .
During trauma, infection, or other neurological disorders, both the innate and adaptive immune systems are recruited through the various routes listed above. It is important to note that the immune (peripheral) system and the CNS are not orthogonal but are closely intertwined, regulated and monitored by each other [18, 22] . While initial entry of bloodborne immune cells is usually neuroprotective, prolonged residence of these cells is harmful and can lead to neurological dysfunction, autoimmunity and neurodegeneration [13, [23] [24] [25] . Therefore, the regulation of the immune response is critical in the CNS. When the blood-CNS barriers are broken and blood borne cells enter the CNS parenchyma, both cell types might react in ways that are 'unnatural' for them, leading to irregular production of cytokines, chemokines, danger signals, etc., manifesting in a breakdown in neuronal communication and ultimately resulting in symptoms such as depression and other behavioral deficits [26] .
Neuro-onco-immunology
The pathological neuroimmune response that occurs during a malignant brain tumor elicits a cellular milieu that is heterogeneous and variable, made up of a complex network of immune-activating and immune-tempering cells (Fig. 1b) . Higher grade brain tumors lead to exacerbated irregular vascularization, BBB disruption, tumor necrosis, and antigen expulsion [27] [28] [29] [30] (Fig. 1a) . As noted above, the fenestration of the BBB, and in this case its disruption, is important for attraction and invasion of immunomodulatory cells from the periphery. All this contributes to increased presence of immune cells in the tumor bed, but not necessarily better survival outcomes. Importantly, though the BBB is considered 'leaky' in many brain tumors, inside the tumor core an intact BBB is present across large regions, presenting barriers for drug delivery and immunotherapy [31] .
The malignant cells within a single neuroepithelial tumor will often evolve into a diverse set of phenotypes over time with respect to immunogenicity, immune evasion, and resistance. Microglia, macrophages, dendritic cells and various lymphocytes have all been shown to infiltrate brain tumor tissues [12, 32] . Yet, whether many of these cells arise from parenchymal or peripheral sources is unknown. Further, it is unclear whether the myeloid cells infiltrating brain tumor tissues are a cause or consequence of tumor progression. While CNS antigens can reach the peripheral lymph nodes [33] , it is unknown whether antigen cross-presentation of brain tumor antigens happens centrally or peripherally. Antigen-presentation has not been fully characterized in the brain, though DCs, microglia (though, when activated express less MHC than DC), and pericytes (cells that enshroud the vascular endothelial cells in the BBB) are known to be involved [34] [35] [36] . Nevertheless, it is important to note that the immune cell infiltration in neuroepithelial tumors is relatively sparse when compared to other tumors. In the following subsections, we provide a brief overview highlighting the unique immune cohort present in the Neuro-Onco-Immune environment.
3.1. Brain-tumor-associated myeloid-derived cells Both brain-resident microglia and peripheral macrophages are known to infiltrate brain tumors. In fact, there is a positive correlation between the number of tumor-associated macrophages and microglia, and brain tumor grade [12] . Brain-tumor-associated macrophages and microglia lack co-stimulatory molecules and secretory factors for Tcell activation, and present immunosuppressive signals (e.g., PDL1, FASL) [28, 37, 38] . Recently, Gabrusiewicz, et al. showed that a higher proportion of microglia and myeloid-derived suppressor cells (MDSC) were among the tumor-associated myeloid-derived cells than macrophages, and that the overall spectrum of phenotypes did not fit well the canonical M1/M2 model of microglia/macrophage activation [39] . The functional role of MDSCs in the brain tumor immune response has yet to be discovered, though they do elicit phenotypic features similar to canonically-activated macrophages [40] .
Dendritic cells (DCs) are also found in the brain tumor microenvironment, yet their immune function is typically stunted [41] [42] [43] . Normal DCs secrete IFNα leading to T-cell maturation, while brain tumor associated DCs elicit no IFNα secretion [43] . The increased VEGF concentrations in and around brain tumors, not only aids in recruitment of monocytes to the tumor, but is also known to disrupt DC and monocyte maturation [38, 44] . Monocyte-derived DC from brain glioma patients (stimulated with IFNα & CSF2) have been shown to be functionally impaired, though it is still unknown whether these cells are pathogenic [45] .
Brain-Tumor-Infiltrating Lymphocytes
Brain cancer microenvironments are known to attract infiltration of naive cytotoxic T-cells (CD8 +) and T-helper cells (CD4 +) and to actively modulate their phenotypes [46] [47] [48] . The ratio of infiltrated CD8 + to CD4 + T-cells is a prognostic indicator in brain tumors. CD8+ T-cells confer an anti-tumor response, while CD4 + T-cells appear to regulate the tumor-associated microglia/macrophage phenotype toward a more tumor-supportive one. However, T-cell function overall is paralyzed by common cytokines expressed in the tumor microenvironment (e.g., VEGF, TGFβ, IL10, PGE2, etc.) [30, 32, 41] . Impaired T-cells have lower proliferation and an overall attenuated response to pro-inflammatory signals, leading to overall down-regulation of major histocompatibility complexes (MHCs) and DC maturation [32, 49] . Additionally, T-cell apoptosis, is driven by expression of CD70/CD27 and gangliosides in the brain tumor microenvironment, as well as microglial expression of PDL1 and FasL [50] [51] [52] [53] .
In many high-grade brain tumors, there is also a massive infiltration of regulatory T-cells (Tregs) via tumor-secreted chemokines (e.g., CCL22, TGFβ) [54] [55] [56] . When fully activated, Tregs can suppress proliferation and the cytokine-production of Tumor-Infiltrating Lymphocytes, leading to a more aggressive brain tumor. Depletion of Tregs in mice has been shown to prolong survival and lead to non-immunosuppressive myeloid cell infiltration [57] . Natural Killer (NK) and B cells are also present, but unlike many systemic tumors these are found at relatively low abundance, and NK cells in particular are natively suppressed in brain neoplasms [27, 58] .
Brain cancer cells
Brain cancer cells employ multiple strategies to reprogram innate and adaptive immunity to evade cell death. These may include recruitment of immunosuppressive cells such as Tregs, potent modulation of immune checkpoints (e.g., the PD1-PDL1 axis), and/or ineffective tumor antigen presentation (e.g., down-regulate their own MHC I), making them immune-invisible and leading to a reduced inflammatory cytokine profile (e.g., decreased IL12 & IFNγ; increased IL10, VEGF, TGFβ & PGE2) [28, 32, 59, 60] .
Additionally, brain cancer stem cells (BCSC), the subclass of selfrenewing, tumorigenic cancer cells, can also contribute to this immunomodulatory response (e.g., secretion of periostin for increased recruitment of tumor-supportive microglia and macrophages) [61] [62] [63] [64] . BCSCs are important in driving and sustaining long term tumor growth through the production of transient populations of highly proliferative cells can aid in tumor invasion and provide therapeutic resistance [65, 66] . Furthermore, BCSCs, like non-cancerous stem cells, are also highly immunomodulatory: BCSCs can attenuate immune surveillance within the tumor microenvironment and further aid tumor development by the secretion and expression of immunosuppressive cytokines and receptors [67] . Recent work by Alvarado, et al. [68] has shown that BCSCs in GBM are capable of evading attack by the innate immune system, mainly by altering their immunogenicity via the down-regulation of toll-like receptor 4, thus avoiding immune-mediated rejection in vivo. Clearly, targeting BCSCs to prevent tumor recurrence is an important and critical therapeutic target, nevertheless, it is difficult to trace and track BCSCs with precision. As we learn more about the properties of BCSCs and refine methods for isolating and tracing these cells, novel therapeutic targets for GBM might become available.
Apoptosis and necrosis of brain cancer cells also produces an important set of factors to the tumor-immune microenvironment: dangerassociated molecular patterns (DAMPs) [69] [70] [71] . Many of these DAMPs are dual-edged, contributing to antigen-recognition and adjuvancy, as well as tumor progression, and can have complex relationships to overall prognosis. For example, the combination of increased calreticulin (which is important for DC recognition of dying tumor cells, but is also related to increased angiogenesis and tumor cell proliferation), increased HSP70 (which can be cross-presented by DCs to CD8+ T-cells, and has critical roles in tumor initiation and progression), and decreased HMGB1 (a classical danger signal, but also pro-angiogenic) has been shown to correlate to an improved prognosis in glioblastoma (GBM) [71] . Much work remains to fully characterize the entire cadre of danger signals, but their importance as both biomarkers and in shaping the brain tumor immune response should not go unnoticed when considering immunotherapies.
Current therapies
Several clinical studies have been conducted in recent years that have targeted key players of the Neuro-Onco-Immune environment. In fact, cancer immunotherapy approaches in brain have had some limited success [72, 73] . However, applying immunotherapy to the brain exposes certain challenges. For example, a healthy BBB restricts drug delivery to the brain, and while the brain tumor environment tends to have leaky vasculature that facilitates drug access [74] , the elevated interstitial pressure of fluid can hamper therapeutics infiltration [75] . Additionally, the poorly understood lymphatics of brain could potentially lead to ineffective immunotherapeutic delivery to target cells as well as a non-uniform immunological response. The brain also has its own unique contingent of immune cells where not only resident cells contribute to the immunological function, but also the peripheral response varies regionally. Moreover, there are overall fewer immune cells and thus relatively few antigen-presenting cells (APCs) in the brain during cancer. Lastly, even when there may be a desired anti-cancer immune response, due to the sensitivity of neuropil, side effects that induce neurotoxicity and autoimmunity during immunotherapeutics are always of concern.
Since immunotherapy for the treatment of brain tumors has been heavily reviewed [73, 76, 77] , in this paper we focus on the most current and late stage clinical trial therapies, and the engineering challenges these immunotherapies face in brain tumor environment. Relevant clinical trials for brain tumor immunotherapy were found using search parameters ( In the following subsections, we briefly discuss available cancer immunotherapies and provide selected examples of their use in treating brain tumors. Additionally, for each, we highlight how the design of each does not necessarily address the particular difficulties of treating brain neoplasms.
Vaccines
Traditional vaccines against viral diseases (e.g., influenza) use attenuated or live virus along with a danger signal (as adjuvant) to activate DCs. DCs then take up the viral antigen, process it, migrate through lymphatic vessels to lymph nodes, and then activate T-cells through presentation of diverse peptide antigens/antigenic epitopes on MHC molecules. T-cells consequently expand into short-lived effector and long-lived memory populations to not only respond to the foreign antigen immediately, but also to develop immunity for later antigen re-encounter. Although a small portion of cancer vaccines work in a preventive way (e.g. hepatocellular and cervical carcinoma), a large number of cancer vaccines are classified in the therapeutic category (e.g. GBM) [78] . In general, these therapeutic cancer vaccines encounter more challenges as the nature of tumor and host immune response coevolve in a complex fashion [79] . Overall, the cancer vaccines being extensively developed broadly encompass peptide, dendritic cell, tumor cell, and neoantigen vaccines [80] . Within brain tumors, vaccines with various adjuvants, delivery mechanisms, and combination strategies have displayed therapeutic potential with limited adverse events [81] . Importantly, the use of adjuvant is crucial in an immune privileged environment such as the brain, as the lack of resident immune cells in the brain could hinder this immune response. Ergo, vaccines are being developed and improved to adapt to the immunosuppressed brain tumor environment. Below, we discussed two main subcategories of brain cancer vaccine: peptide vaccines, and dendritic cells vaccines.
Peptide vaccines
Peptide vaccines (Fig. 2) induce a T-cell response at the tumor site by releasing peptides specific to tumor-associated antigens. Peptides, commonly coupled with carrier proteins and adjuvants, are taken up by APCs and presented on the cell surface by MHC molecules. In humans, MHC I molecules are known as human leukocyte antigens (HLA) [82] . APCs navigate the lymphatic system to prime T-cells, which then recognize the tumor cell from its antigen [83] . Antigen expression varies across tumors and characterizing the antigenic repertoire for each tumor is a significant challenge, though attempts have been made to uncover novel glioma antigens for new therapeutics [79, [84] [85] [86] .
As an example of a peptide vaccine in use for brain tumors, Rindopepimut is designed to target the overexpressed Epidermal Growth Factor Receptor 7 (EGFRvIII) antigen on EGFRvIII + brain tumor cells. However, this vaccine did not alter overall survival during a Phase III clinical trial [87] , and the tumors of relapsed patients lacked the EGFRvIII antigen [88] . Despite the fact that this therapy only targets a subset of patients with EGFRvIII + tumors [89] , the heterogeneous, evolutionary nature of brain tumors leads to tumor cells without the EGFRvIII antigen to be untargeted and thus allowed to propagate [90, 91] .
To address the problem of heterogeneously-expressed tumor-associated antigens, the IMA950 multi-peptide vaccine contains 11 HLArestricted tumor-associated peptides [92] . A Phase I trial of IMA950 reported an overall survival of 13.2 months with no injection site reaction vs. 26.7 months with an injection site reaction, however, the median age of the injection site reaction groups was significantly lower [93] .
For patients without common tumor cell antigens, autologous peptide vaccines are being developed to target patient specific tumor antigens. One such vaccine for glioma, GAPVAC-101, is currently undergoing early safety and feasibility studies [94] .
Apart from tumor heterogeneity and evolution, the main challenges of peptide vaccines are getting sufficient peptides to APCs and the subsequent immune response cascade, which in the brain is further exacerbated by both the presence of the BBB and a lack of resident APCs. Increasing APC recruitment to the injection site has been explored with various adjuvants, however, engineering a sustained recruitment of APCs prior to and during vaccination could hold promising therapeutic potential (e.g., with a slow-release hydrogel eluting APC recruitment factors).
Dendritic cell vaccines
Cancer vaccination can also be achieved by direct activation of DCs ex vivo (Fig. 2) . Instead of injecting a peptide that is presented to an APC, immunotherapy strategies for cancer have used autologous dendritic cells sourced from peripheral blood monocytes primed with tumor associated antigens [95] . Immature DCs can uptake and process antigens, and in the presence of inflammatory signals, immature DCs mature, thus becoming capable of proper antigen presentation for Tcell recognition in a MHC-restrictive manner [96] . These mature DCs are then reinjected into the patient where they home to a secondary lymph node in order to activate T-cells. Activated CD8+ T-cells can now recognize a tumor cell by its specific antigen and MHC I complex, and will attempt to lyse the recognized cell. Since DC vaccine stimulation happens ex vivo, the DCs can be activated much more effectively than peptide vaccines in situ, as they are exposed to the cell lysate from tumor biopsies with a broad pool of antigens [79] . To date, many different formulations of DC vaccines have already entered clinical trials for use in brain tumors [96, 97] . For example, ICT-107 is an autologous DC vaccine pulsed with six tumor-associated antigens that was evaluated for use with recurrent glioblastoma. A ten-year follow-up of a Phase I ICT-107 vaccine trial identified 19% of 16 patients disease free for 8 years with a median overall survival of 38.4 months. There was a correlation of survival with cancer-stem-cell-associated expression of targeted antigens and increased CD8+ T-cell responses [98] .
A Phase II trial using this approach for glioblastoma targeted the pp65 antigen using a tetanus and diphtheria (Td) vaccine booster to stimulate the immune system. This method has been observed to enhance DC migration by significantly increasing the percentage of DCs homing to the lymph node via preconditioning with Td booster injection [99] .
Although DC vaccines can surmount many of the issues faced by peptide vaccines with respect to antigen selection, the main challenge in their use is one of optimizing efficacy. DC vaccine efficacy is low since the time of action is relatively short, and only small fraction of the DCs migrate to and eventually reach the lymph nodes after injection. The Td-preconditioning work by Mitchell, et al., exhibits the potential of a strategy that hijacks native mechanisms of immune cell recruitment [99] . Though, in brain tumors, further optimization and innovation remains particularly challenging, as the barriers to entry of CNS lymphatics, and consequent antigen presentation and cytotoxic T-cell response are not fully understood. Even if the activated DCs are reintroduced locally to the tumor in order to rely on endogenous triggering of this process, it is unclear whether the DC/T-cell interaction, upon which DC vaccines rely, is the most suitable given lack of understanding of antigen presentation in the neuro-immune cohort.
Adoptive Cell Therapy
Instead of relying on DC activation, in Adoptive Cell Therapy (ACT) (Fig. 3) , T-cells and various other Tumor-Infiltrating Lymphocytes (TILs) can be directly activated [100, 101] . In the simplest form of ACT, isolated TILs from tumor biopsies are expanded -based on the assumption that these TILs are tumor specific -before being injected into the patient and eventually homing back to the tumor [79] . These autologous strategies rely on a patient's own immune response and an understanding of the lymphatic architecture of the tissue where the tumor resides.
Cytokine-induced killer (CIK) cells and chimeric antigen receptor (CAR) T-cells are the two of the most commonly used TILs in ACT. CIK cells come from peripheral blood lymphocytes induced in vitro with IFNγ, IL2, and CD3 monoclonal antibodies [102] . CAR T-cells are engineered to connect intracellular activation to an extracellular domain specific to a single or multiple costimulatory tumor-associated antigens [101] . Both CIK cell and CAR T-cells provide MHC-unrestrictive antigen recognition and are thus advantageous for use in ACT, and both are have found use in clinical trials for GBM.
In a Phase III randomized trial for GBM using intravenous injection of autologous CIK cells with concomitant Temozolomide yielded a marked, but not statistically significant 5.6 month increase in median survival relative to standard of care [102] . Preliminary results from a Phase I trial of CAR T-cells (in this study engineered to target the GBM tumor antigen IL13Rα2) reported safe intracranial delivery and detection of the CAR T-cells for a minimum of 7 days in the tumor cyst fluid or CSF. A subset of these patients exhibited a decrease in IL13Rα2 antigen expression, and in one particular patient, a N 79% regression of recurrent tumor mass was observed [103] .
Despite these hints at a successful therapeutic avenue, T-cell therapy faces not only the technical and manufacturing challenges that any autologous cell therapy faces (e.g., ex vivo expansion, complete and persistent induction of cytotoxic phenotype, etc.), but also all the challenges that cellular vaccine therapies face mentioned above. Overall, these cancer immunotherapies can kill both cancer and normal cells, especially when the antigen recognized by these immune cells is specifically related to a cell type that cancer cells derived from. This is of particular importance when considering immunotherapies in the brain, since many peripheral immune cells that have homed to a brain tumor site will be immunologically naive to the CNS cellular cohort. Moreover, if intravenous delivery is the route of choice, the BBB integrity is a crucial limiting factor for autologous cell delivery.
Monoclonal antibodies
Monoclonal antibodies (Fig. 4) represent a passive form of immunotherapy that does not necessarily involve the body's immune system. Antibodies can be administered either as naked, where the target pathway is simply disrupted, or conjugated with a therapeutic agent as a drug targeting modality, or an antibody designed to stimulate an antitumor response by the immune system (e.g., a bi-specific antibody that also recognizes the Fc receptor) [104] . Antibodies are typically chosen that target surface receptors that are abnormally, and highly expressed in tumors or receptors involved in tumorigenesis.
For brain tumors, EGFR, or its mutant EGFRvIII, are commonly overexpressed in GBM cells and are the most common target for antibody-based therapies for GBM. For example, ABT-414 is an antibodydrug conjugate that can target either EGFR or EGFRvIII and when attached to a cell can deliver a potent anti-microtubule toxin. Current phase I studies for ABT-414 for newly diagnosed GBM patients have elicited a median progression free survival of 6.1 months and a 6-month progression free survival of 25.3% for recurrent GBM [105, 106] .
Another monoclonal antibody that has been extensively used in brain tumors, Nimotuzumab, is an anti-EGFR inhibitor that has been used in combination with irinotecan in pediatric high grade gliomas yet has only incurred a slight improvement in overall survival [107] .
The subpar survival benefits to monoclonal antibody therapy use in the brain are primarily attributed to their inability to cross the BBB without significant barrier disruption, as well as patient-specific mutations in target antigens that alter antibody-binding efficacy. Further, antibody-based strategies for selectively immune-targeting tumor cells in the brain, have not been well explored, and may generally suffer from the lack of NK cells for antibody-dependent cell cytotoxicity or macrophages for antibody-directed phagocytosis.
Checkpoint inhibition
Immune checkpoint therapy (Fig. 5) functions by blocking inhibitory pathways that attenuate the normal activity of cytotoxic T-cells and can be used alone to bolster the native immune response, or to increase the response of tandem therapies that would otherwise be immune- inhibited [108] . In tumors, cancer cells will express proteins that interact with co-inhibitory receptors on T-cells (e.g., PD1 and CTLA4) [109] . Antibodies manufactured to block these receptors are currently being developed as a brain tumor therapy, as well as strategies to block the presentation of their inhibitory ligands (e.g., PDL1 on DCs, macrophages and tumor cells) [110] . PD1 expression has already been established as a clinical marker for TIL activation and (dys)function in GBM, as PD1+ TILs have increased clonality compared to PD1-populations [111] . Nivolumab, an antibody for the PD1 receptor, has been tested with concurrent Temozolomide and radiotherapy for safety in a Phase I trial for GBM, reporting limited adverse events [112] .
A strategy targeting CTLA4 has also been trialed for use in GBM. Ipilimumab is an anti-CTLA4 monoclonal antibody, indicated for use with bevacizumab and concomitant adjuvants, that showed a partial response in 40% of patients. Preliminary 1-year data show that 44% of the 16 patients surviving, which is an improvement on the 37% 1-year survival rate expected in GBM [2, 113] .
Checkpoint inhibitor delivery to the brain is hindered just as any other drug delivery scheme would be; the BBB remains a critical boundary, impermissive to systemic drug delivery. Even with sufficient inhibitor at the brain tumor site, it is unclear whether the inhibition would be sufficient to overcome all the immunosuppression rampant in the tumor bed, and whether sufficient cytotoxic T-cells could be disinhibited and their anti-tumor activity sustained at therapeutic levels. Further, because the blockade of these checkpoint pathways is not antigen specific, a patient undergoing these treatments becomes prone to the development of autoimmune disease and inflammation, which spells disaster for a functional neuronal environment [114] .
Virotherapy
Oncolytic virotherapy (Fig. 6 ) makes use of nonpathogenic viruses to selectively invade or specifically express proteins in brain tumor cells that can directly kill cancer cells or otherwise stimulate an immune response [115] [116] [117] .
One particularly promising virotherapy indicated for brain tumors is Ad-RTS-hIL-12, an inducible adenoviral vector that expresses IL12 in the presence of an orally-administered activator ligand, veledimex. In a Phase I dose escalation study, done in patients with high-grade gliomas, it was shown that the veledimex could efficiently cross the BBB and reach the tumor bed (at up to 46% of administered concentration) and that there was a dose-dependent relationship between veledimex administered and concentration in the tumor [118] . This early treatment study also showed increases of serum IL12 and consequent increased IFNγ concentration, as well as increased number of CD8+ T-cells in circulation, with minimal reported neurotoxicities, and an impressive 100% 6-month survival for the 13 patients thus far.
Another virotherapy design of note, is the use of a poliovirus chimera, PVSRIPO, that selectively replicates, and induces cell lysis in CNS tumor-originating cells, but not in healthy neuronal cells [119] . A Phase I clinical trial of PVSRIPO for recurrent GBM produced overall safe and effective results, with 10 of 13 patients still alive at the end of the trial [120] .
Many virotherapy methods have been explored, yet challenges remain for their general application in the brain. The attenuated immune response in the brain provides the possibility that a viral response relying on inflammatory signaling may be either ineffective, as the targeted effector cells can still be subsequently inhibited, or not present in sufficiently therapeutic concentrations at the tumor site. Or worse, the inflammatory triggers are overly robust, and may cause immune cells to run rife among and disrupt the healthy neuronal cohort. Additionally, the targeting of cells of non-neuronal lineage may make a strategy like PVSRIPO inviting, however, other constituent cells in the CNS may be mistaken for cancer cells and this may lead to detrimental side effects.
Virotherapy for brain tumors also relies heavily on viral migration to the tumor site, which can be inhibited by the BBB. Migration of the virus to the tumor site is circumvented by intratumoral injection, but this is not always feasible in brain tumors, particularly when they are disseminated through the CNS, or lack a central, primary core (for instance during recurrence).
Opportunities for engineers to address challenges of brain cancer immunotherapy
While some of the advances in immunotherapy clinical trials for brain cancers are promising, many hurdles remain before those immunotherapies can be standard of care for difficult to treat brain tumors such as GBM. Some of these challenges are broadly applicable to all cancer immunotherapies throughout the body. For example, the heterogeneity posed by individualized immune systems makes patient-agnostic immunotherapies among large target populations difficult. Also, as
Injected Virus
Orally-administered activator, e.g., veledimex
Brain Cancer Cell expressed immunostimulatory cytokines, e.g., IL2
Inducible Viral Immunotherapy Viral-mediated Tumor Lysis mentioned above, depending on the domain or epitope recognized by immune cells, these immunotherapies could potentially target healthy cells that share tumor-associated antigens. There remain, however, additional challenges when treating tumors in the brain with immunotherapies. In this section, we consider 4 pressing challenges, unique to neuroepithelial brain tumors (Fig. 7) , namely: i) hindered systemic access to the brain via the blood-brain barrier; ii) a poorly understood lymphatic vessels; iii) the unique immune cohort of brain; and iv) the sensitivity of neural tissue and possibilities of neurotoxicity and/or triggering autoimmune diseases. Below we discuss some potential engineering solutions that could address these brain-unique challenges as this field moves on toward translating the principles of cancer immunotherapy for brain into clinical reality.
Crossing the blood-brain barrier
In order to reach nefarious brain tumor infiltrates, and to surmount the heterogeneity posed by the irregular leakiness of the BBB, unique solutions need to be explored. Many of the ingenious, out-of-the-box solutions under development for targeting tumors across neurobiological boundaries are ripe for integration into immunotherapeutic concepts. The vast library of available engineered materials and systems may also be important to consider for the potential to enhance delivery of immunomodulatory therapies to the brain.
The need for crossing the BBB to present immunomodulatory signals could be bypassed by using nanoparticle systems that can coopt existing signaling pathways. For example, immune-cell inspired nanoparticles can target, locally activate a biological cascade, and consequently broadcast tumor location to amplify tumor targeting of diagnostic or therapeutic cargo-carrying nanoparticles [121] .
Physically breaching the BBB may be another route of access, for example, by reversibly doing so using pulsed ultrasonic sound waves, which has been shown to effectively enhance intracortical drug concentrations (Fig. 7a) , is already a clinically-available option for glioma [122] . Temporary disruption of the BBB by using pulsed ultrasound combined with injected microbubbles can further optimize the delivery of a chemotherapeutic to the brain in patients with recurrent GBM [122] . Circumvention of the BBB can also be achieved by using engineered constructs to redirect tumor invasion into areas that allow for more facile intervention. For example, white matter-mimicking nanofibers (Fig. 7a) can be placed adjacent to a GBM tumor, providing a preferential path for GBM cell migration, and thus guiding those invasive cells away for the primary tumor site to an extra-cortical location for further treatment [123] .
Use of bacteria or stem cells [124, 125] , is especially enticing, as they both offer a programmable approach to crossing the blood-brain barrier (Fig. 7a) and to tumor-homing, and possess the advantage of being readily programmable for the sensing of a tumor microenvironment and the production and/or presentation of immunomodulatory factors. The genetic capacity of these cells may also afford more subtle and complex variations of genetic immunotherapy than the above-mentioned viral therapies.
These methods circumvent some of the physiological and anatomical barriers posed by the BBB and the brain, and in fact take advantage of the inherent properties of brain tumors and the associated cellular milieu to improve therapeutic efficacy and outcomes.
Improving our understanding of CNS lymphatics
One reason for the immune-privilege status of the brain was the apparent lack of lymphatics, yet this view has been recently upended [19] [20] [21] . Because this is a new discovery, there is ample room for creative use of bioengineering and biological engineering to take advantage of existing brain lymphatics, or to engineer synthetic lymphatics that can guide glial tumors to deep cervical lymph nodes to increase T-cell mediated anti-tumor immunity; lymphatics that not only facilitate transport of tumor-associated antigens to immune cells, but that also enable more immediate access to the tumor for matured, tumor-killing T-cells. Indeed, in other peripheral tumors the presence of lymphatic vessels results in retardation of tumor growth and increased activated T-cell infiltrates [126] . Interestingly, lymph node-like vasculature, the major portal for naïve T-cell infiltration, can be developed by tumors [126] . Use of existing technologies like T-cell backpacking [127] and DC vaccines [128] can potentially leverage the discovery of brain lymphatics to improve therapeutic efficacy. The idea behind T-cell backpacking (Fig. 7b) is to use polyclonal T-cells that express lymph node-homing receptors, to shepherd various chemical cargo (e.g., immunostimulatory or chemotherapeutic drugs, imaging agents, etc.) throughout the lymphoid tissues [127] . Especially in therapeutic modalities for brain tumors where antigen presentation to T-cells is required, targeting brain-draining lymph nodes is likely a promising approach to bolster an endogenous anti-tumor immune response.
However, unique antigens of brain tumors remain uncharacterized, and it is unclear whether brain tumors drain antigens to deep cervical lymph nodes. The literature on the lymphatic architecture in GBM is sparse, possibly due to the hitherto lack of knowledge of CNS lymphatics. However, the recent discovery of the glymphatic and lymphatic systems of the brain [19] [20] [21] now provides new means to control immunity within the brain and we foresee this as an exciting avenue for brain tumor therapies.
Addressing the unique immune cohort in brain tumors
For a long time, the CNS had been considered an immunologicallyprivileged site, based on the fact that engrafted tissues into the brain are rejected more slowly than in other sites [129] . However, today the CNS is more accurately described as immunologically "distinct", due to multiple unique characteristics of its immune cohort including inherent expression of immunosuppressive cytokines, such as TGFβ and IL10, low level expression of MHCs, lack of APCs, and the presence of the BBB [129] . While T-cells and antibodies have access to antigens within the CNS, and therefore gliomas, lack of enough APCs within brain tumor microenvironment may affect the efficiency of some immunotherapies including vaccines. Overall, immunotherapy in GBM has not produced significantly positive results compared to other cancers such as prostate cancer, melanoma, or renal cell carcinoma. Besides constitutive expression of immunosuppressive agents in brain and brain tumors, the utter lack of available APCs may attribute to these disappointing results.
One possible approach to address this constraint is to use a biomaterial-based vaccine. Macroporous matrices could be used in the context of vaccine immunotherapy, such that the matrices regulate the trafficking and activation of DCs and their monocyte precursors in situ (Fig. 7c ) [130] . Implantable matrices that were fabricated from poly(lactide-coglycolide) and enriched with GM-CSF, a CpG oligonucleotide (ODN), and tumor lysates (to provide presentation of cytokines, DAMPs, and tumor-associated antigens) were shown to spatiotemporally recruit and activate DCs in a glioma model [131] . This study demonstrated that the coordinated, intracranial presentation of multiple immunestimulatory factors from these biodegradable matrices implanted into the tumor surrounding tissue, resulted in tumor regression and enhanced long-term survival in an otherwise fatal model. Moreover, this treatment resulted in formation of long-term immunological memory causing attenuation in progression of a secondary glioma-cell challenge.
Further exploration of antibody-based strategies for brain cancer may also be warranted, as the role of Fc receptors in the brain, particularly with respect to antibody-mediated microglial phagocytosis, becomes clearer. Fc receptors in the brain are often associated with a neurodegenerative response, and have been linked to conditional cellular responses in the CNS, e.g., in inflammation, aging, or Alzheimer's disease [132, 133] . Through use of antibody-based strategies to take into account the particular Fc receptors that elicit particular neurodegenerative responses may allow for a neuro-onco-degenerative response directed specifically toward antibody targeted cells (Fig. 7c) .
Targeting of the BCSC population may also provide novel avenues to immunotherapies, as in the context of brain tumors this has not been extensively explored. It is widely believed that the small, non-immunogenic, and treatment-resistant population of cancer stem cells is responsible for the majority of traditional anti-angiogenic or antiproliferative treatments [67] . Despite limited ongoing clinical trials, there are no FDA-approved immunotherapies that directly target cancer stem cells. It is becoming increasingly important to further understand the characteristics that distinguish BCSC from the non-stem tumor cells from the perspective of immune evasion in order to further advance immunoengineering therapies that can mitigate the therapyresistant properties of these cells.
Facing neurotoxicity and CNS autoimmunity
The brain, unlike other organs such as the skin or prostate, cannot tolerate even the smallest level of autoimmunity. Moreover, due to presence of the rigid skull, brain environment is very much edema-intolerant [129] . Considering the sensitivity of the neuropil, the precision of immunotherapy is notably critical. This precision includes not only enhancing the specificity toward the target, but also improving the spatiotemporal delivery of the agents. Biomaterials-based strategies show tremendous promise in both of these two areas [134] . Biomaterials can provide highly versatile tools to create desirable immune microenvironments and to deliver agents in order to manipulate cells and tissues. Spatiotemporal delivery of immunomodulators (Fig. 7d) using biomaterials can provide enhanced safety and efficacy in any cancer immunotherapy, not just in the brain. Moreover, as biomaterials can be designed to encompass multiple functions, they could potentially be used to impact immune signaling pathways at many stages against many targets in myriad ways.
Biomaterial-based vaccines, for example, may result in more precise immune-modulation, as they not only control the delivery of adjuvants and antigens spatiotemporally, but also regulate trafficking of immune cells and mimic stimulatory signals of innate immunity through their chemical and physical characteristics [135] . Biomaterials can also help by maintaining the viability and functionality of transplanted cells, such as in ACT, by providing desirable cytokine presentation in the cellular microenvironment (Fig. 7d) [135] . For instance, systemic administration of cytokines such as IL15 and IL2 has been shown to improve the persistence of the transplanted T-cells, yet their high-dose can cause severe side effects to the brain tissue [135] [136] [137] . Stephan, et al. developed a nano-carrier loaded with cytokine and conjugated to the surface of the transplanted cells that can be used to avoid the detrimental effects to the brain tissue, yet still provide 'pseudoautocrine' signals to maintain the therapeutic cells (Fig. 7d) [138] .
Conclusion
Malignant brain tumors represent one of the most devastating forms of cancer with abject survival rates that have not changed in the past 60 years -a result largely due to lack of available therapies that can both navigate anatomical barriers and not adversely impact delicate neuronal tissue. The rapid advances in cancer immunotherapies represent a promising frontier in the potential treatment of these otherwise inoperable tumors. However, while immunotherapy approaches have shown promising results in other cancers, little progress has been made for brain tumors.
The brain is a critical organ, and it imposes unique anatomical, physiological, and immunological barriers to successful treatment. These unique anatomical & physiological constraints lead to intrinsic engineering challenges for developing therapies that necessarily act within the brain and brain tumor immune microenvironment. To date, engineering approaches to applying immunotherapies in the brain, beyond simply re-acquisitioning of existing extra-Antibody neural immunotherapies, are lacking; the opportunities, however, are ample. By considering at therapeutic approaches from an engineering perspective, we may be able to leverage more variety of technologies in order to advance tailored treatment strategies that can address the particular biological constraints of treating within the brain, thus enabling better brain cancer immunotherapies.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.addr.2017.06.006.
